Abstract. The usefulness of recombinant adenovirus with LacZ to trace axons in the peripheral nervous system was investigated. Recombinant adenovirus with LacZ was applied to the cut end of the tibial nerve in rats. The LacZ gene product (ß-galactosidase) filled axons of the tibial nerve, which permitted the continuous long-range tracing of axons. Further, the branching and the direction of the branches could also be examined. Labeled axons in the tibial nerves ran parallel to each other without branching and kept this relative position in the tibial and the sciatic nerve. When the virus was introduced to the regenerating nerve using a silicon tube, the regenerating fibers grew tortuously with short branches in the bulge at the proximal end of the silicon tube. The fibers grew straight in the tube and passed through the bulge at the distal end of the tube without branching. These observations indicate that the LacZ gene recombinant adenovirus is a useful tracer for the study of the peripheral nervous system and of the regeneration processes.
INTRODUCTION
Horseradish peroxidase, horseradish peroxidase with wheat germ agglutinin, and fluorescent dyes such as DiI have been used to trace axons. However, it is very difficult to perform a uniform tracing of the complete length of the nerve axons with these tracers. If the long-range and longterm tracing of axons becomes possible, it will permit the study of the branching pattern of the nerve fibers. Further, in the case of the injured peripheral nerves, the regeneration of fibers including the details of their branches and pruning of the regenerating buds could be investigated.
Recently, the gene transfer method to the cells of the central nervous system using adenovirus vector has been developed and variously applied (1-10). Terashima et al (11) injected LacZ gene recombinant adenovirus to various sites of the brain in mice and reported that LacZ gene recombinant adenovirus was a useful neurotracer. In addition, they showed that the adenovirus method could be used as a long-term tracer by confirmation of the label 2 months after the initial administration. They showed that ß-galactosidase, which was produced by the LacZ gene, was carried by adenovirus to soma, transported anterogradely, and labeled the soma, dendrites, and the axon. We applied this labeling technique to the peripheral nerve axons.
MATERIALS AND METHODS
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Care Committee of Niigata University. Terashima et al (11) described the details of the gene recombinant adenovirus used in the present studies. All experiments were performed in P2 condition. Wister male rats (body weight approximately 300 g) were used in the present experiments.
Labeling Technique
Twelve rats were used and 23 sciatic nerves were observed. Animals were anesthetized by an intraperitoneal injection of sodium pentobarbital (40 mg/kg). The sciatic nerve was exposed in the thigh and the tibial nerve was transected from 7 to 8 mm distal to the trifurcation of the tibial, peroneal, and sural nerves. For introducing the adenovirus from the cut end of the nerve fibers, the tibial nerve was transected by the scalpel on which a buffered solution of the adenovirus suspension was dropped (Fig. 1a) , or the proximal nerve stumps were soaked in the solution of the adenovirus for approximately 20 min (Fig. 1b) . In order to infect the naked regenerating axons with the adenovirus (12, 13), 48 hours (h) after transection the nerve cut end was soaked for about 20 min with 5 l virus solution. After the infection with the adenovirus, the nerve was returned to its original position. Three weeks after infection, the sciatic nerves were taken out with the spinal cord and fixed with 2% paraformaldehyde with 0.25% glutaraldehyde in 0.01 M PBS (pH. 7.3) for 2 h. After fixation, materials were incubated in 0.025% dispase for 2 h at room temperature in order to promote the infiltration of X-gal substrate. After peeling the epineurium, materials were incubated in the X-gal sub-
in the same buffer containing 0.4% Triton-X for coloring in axons. The reaction in the X-gal substrate was performed in the incubator at 36ЊC for more than 2 h, or in the refrigerator overnight. Next day, the samples were put in 50% glycerol and the reaction was stopped when the adequate coloring condition was obtained at room temperature. For the whole mount, samples were made transparent with 70%, 90%, and 100% glycerol. Some materials were fixed with 2.5% glutaraldehyde in the same buffer, the cryosections were cut, and ß-galactosidase histochemistry was performed.
Nerve Regeneration Experiment
Four rats were used and 8 sciatic nerves were observed. The rat sciatic nerve exposed in the thigh was also transected at the proximal point from the trifurcation of the tibial, peroneal, and sural nerves. In order to apply the adenovirus directly to the naked regeneration growth cone 48 h after transection, the proximal nerve stumps were soaked in the virus. Both of the transected nerve stumps were inserted into a silicon tube with a 5-mm gap between them and the epineurium was sutured to the silicon tube by the 10-0 nylon suture (Fig. 4) . After 3 wk, sciatic nerves were taken out with the silicon tube and fixed in 2% paraformaldehyde with 0.25% glutaraldehyde in 0.01 M PBS. After fixation, materials were agitated in 0.025% dispase in PBS for 2 h at room temperature. The epineurium was then peeled and the materials were incubated in X-gal substrate that included 0.4% Triton-X for ß-galactosidase histochemistry and placed in the refrigerator overnight. On the next day the materials were kept at room temperature until suitable color was obtained.
RESULTS
Labeled axons were observed under a stereoscopic microscope as blue lines (Fig. 2a, b) . The axons were clearly labeled by the blue color, which appeared in the center of each nerve fiber in cross-sections (Fig. 2c) . From the site of the virus administration at the transection stump to the spinal nerve root and/or dorsal nerve root, the labeled axons were observed continuously. In some specimens the blue lines could be traced for more than 10 cm.
Both the sensory and motor nerves were labeled along with the anterior and dorsal nerve roots and the dorsal root ganglion cells (Fig. 2d, e) . Labeled axons were wavy but almost parallel to each other (Fig. 2b) . For the most part, labeled axons retained their original position and none of the axons changed their orientation from deeper to superficial or vice versa. Furthermore, the labeled axons were observed only in the tibial nerve and not in the sural and peroneal nerves (Fig. 2a) . Three weeks after the transection the regeneration buds should have grown, but no collateral branches were observed along the tibial nerve from the transection end to the spinal cord.
In the regeneration experiment, bulges formed at both ends of the silicon tube (Fig. 3a) . Regenerating axons wandered in various directions in the proximal bulge that formed at the entrance of the silicon tube (Fig. 3b) with short branches of the aberrant axons (Fig. 3c) . On the other hand, most of the regenerating axons that passed the proximal bulge did not branch out (Fig. 3d) . In the silicon tube they were straight and mostly parallel without branching (Fig. 3d-f ). In the distal bulge a few regenerating axons were tortuous, but most of them extended smoothly (Fig.  3e) . Beyond the distal budge the regenerating axons were straight without branching (Fig. 3f) . These results are summarized in Figure 4 .
DISCUSSION

Labeling by LacZ Gene Recombinant Adenovirus of the Peripheral Nerve
This is the first report on the continuous long-range labeling of axons using the LacZ gene recombinant adenovirus. Axonal tracing of the peripheral nerve using adenovirus requires a waiting period while sufficient ß-galactosidase accumulates after infection with the adenovirus (11) . The number of labeled axons is not great; however, this is advantageous because for the morphological analysis of axons, the smaller number of labeled axons is better than the larger and the observations on the regenerating axons require longer survival times. The location of the labeled axons in the nerve fiber bundles remained the same along the length of the nerve (Fig. 2a,  b) . In addition, labeled axons were present only in the tibial nerve and not in the peroneal and/or sural nerve. These observations indicate that the nerve fibers run in definite territories in the peripheral nerve fiber bundles and support the previous anatomical (14-16) and/or electrophysiological studies (17, 18) .
Application to the Peripheral Nerve Regeneration
Application of this method to the regenerating tibial nerves permitted details of the individual regenerating axons. Tortuous axons and short branches were observed in bulges formed at the proximal end of the silicon tube (Fig.  3b, c) . The bulges seemed to be like a neuroma formed by the tortuous axons and short branches. The axons that could not find the projection route might have wandered, thus forming the proximal bulge. Mackinnon et al (19) reported that no bulge was observed macroscopically at the cutting end of the nerves 5 months after resection. Since we fixed materials 3 wk after the operation, it is possible that the pruning of the collateral axons occurs later. Further investigation is necessary to resolve this issue.
When the gap of the nerve stumps in the silicon tube was cross-linked by fibrin, the Schwann cells proliferated from both nerve stumps (20, 21) . It has been suggested that the fibrin-matrix and Schwann cells guided the regenerating axons in the silicon tube (22) . It has also been suggested that quick growth occurred when the growth cones found columns of Schwann cells that remained in the degenerated distal stump (23, 24) . The results presented here suggest that the regenerating axons might be able to grow straight after passing the proximal bulge.
Jenq et al (25) suggested that the nerve branching occurred when growth cones enter the distal stump in the regenerating rat sciatic nerve. In our study, however, the branches were observed only in the proximal bulge. Our observations are similar to those in nerve injury where the collateral fibers arose from several segments of the node of Ranvier on the proximal side of the damaged part (12, 26, 27) .
